In the present work, sixty-four sample electrodes were separately generated by electrodeposition in methanesulfonic acid (MSA) solutions. The concentrations of the lead (II) methanesulfonate and MSA were compared, as well as the effect of current density and temperature were investigated. The surface characterizations were analysed by X-ray diffraction (XRD) and scanning electronic microscopy (SEM). All conditions were researched to make sure the precise conditions of obtaining relative pure α/β-PbO 2 phase compositions. Based on this, longperiod galvanostatic electrolysis was performed by means of cyclic voltammograms (CV), Electrochemical Impedance Spectroscopy (EIS) and Tafel curves in order to evaluate the effect of different ratios of α/β-PbO 2 phases on the corrosion resistance and electrocatalytic activity of the electrodes. The conclusion of this research can help confirm an ideal ratio of α/β-PbO 2 phase compositions in Pb-0.6%Sb/α-PbO 2 /β-PbO 2 composite anodes, thus show better prospective application in zinc electrowinning.
Introduction
Lead dioxide, as a kind of metal oxide electrode, is widely used owing to its low cost in contrast to those based on precious metals in process of traditional zinc electrowinning. [1] [2] [3] [4] Such materials are relatively low in cost, which can also provide stable and robust structures for anodic oxidation at very positive potentials. [5] [6] [7] [8] However, previous investigations and applications were limited to coatings formed on lead alloys, as well as anodes of this type always suffered greatly from continuous corrosion of the underlying lead substrate. [9] [10] [11] [12] It's urgent to investigate the structures composition of the PbO 2 -coated electrodes and test the characteristics to realize a better performance of the composite electrodes.
From the point of microcosmic, lead dioxide coatings can be composed of different phase structures of A-or B-PbO 2 that significantly bringing out different catalytic activities, which is much meaningful for the fundamental understanding of the relationship between coating structure and catalytic activity. [13] [14] [15] [16] Orthorhombic A-PbO 2 is a compact structure with close contact between particles and is chemically more stable, which can promote longer life cycles of lead-acid batteries and is often the first step in the electrochemical fabrication of metallic lead nanowires. [17] [18] [19] [20] Whereas B-PbO 2 tetragonal is an open, porous structure that provides a larger active surface area. [21] [22] [23] [24] Ruetschi investigates and finds that B-PbO 2 is much more electrocatalytically active. 25 Ugur Tamer has also proved that B-PbO 2 surfaces have higher performance. 26 Generally, a highquality electrode is often composed of different phase structures of A/B-PbO 2 as they may bring their superiorities into full play. 27 It's obvious that studies on the electrodeposition of PbO 2 must be well controlled to establish suitable conditions for the preparation of high quality A/B-phase coatings.
Methanesulfonic acid (MSA), as an environmentally friendly electrolyte, has been considered to be used in the metal finishing industry due to its chemical stability, excellent solubilisation of metal salts. [28] [29] [30] [31] [32] Nevertheless, investigations of different phase structures of A/B-PbO 2 in MSA are scare. Derek Pletcher has carried out electrodeposition of stable coatings with different phase structures and a wide range of surface morphologies. In addition, the ability to deposit layers with different dopants and doping levels, nano-structured layers and composites greatly expands the possibilities. 33 Velichenko has paid much attention to the nucleation and growth mechanism of PbO 2 and find that the existence of methanesulfonate ions could result in higher deposition rate and thicker coatings without changing the mechanistic aspects. 34 To this aim, herein we present a thorough study of the influence of deposition conditions on the structure and properties of the PbO 2 layers, as well as cover the electrochemistry of lead dioxide layers formed by electrodeposition from methanesulfonic acid media. By means of anodic polarization curves, XRD analysis and SEM observations, the conditions of obtaining relative pure A-or B-PbO 2 phase coatings are researched to make sure an ideal ratio of phases in the composite anodes. Based on this, long-period galvanostatic electrolysis is performed by means of cyclic voltammograms (CV), Electrochemical Impedance Spectroscopy (EIS) and Tafel curves in order to evaluate the effect of different ratios of A/B-PbO 2 phases on the corrosion resistance and electrocatalytic activity of the electrodes. The results are satisfactory and the fabricated anode materials showed better prospective application in zinc electrowinning.
Experimental Section

Electrode preparation
Pb-0.6%Sb alloy obtained from hot rolling was first pretreated by procedures of polish, chemical degreasing, acid cleaning and then used as substrates for the preparation of inert anode materials. Then, the Pb-0.6%Sb/A-PbO 2 /B-PbO 2 was obtained by double-pulse electrodeposition of lead on its surface. All chemicals used in the study were analytical reagent grade lead (II) methanesulfonate and methanesulfonic acid (MSA) with redistilled water.
Measurements
All electrochemical experiments were conducted by PARSTAT 2273 electrochemical workstation, which was composed of three electrodes. The working electrode was Pb-0.6%Sb/A-PbO 2 /B-PbO 2 sheet with 1 cm 2 effective area. The reference electrode was a saturated calomel electrode (SCE) and the counter electrode was graphite. Phase composition and surface microstructure characteristics of the synthesized PbO 2 deposition layers were respectively studied by means of X-ray diffractometer (XRD, D/Max-2200, model Empyrean), scanning electron microscope (SEM, Nova NanoSEM450, model VEGA 3 SBH), cyclic voltammograms (CV), Electrochemical Impedance Spectroscopy (EIS) and Tafel curves.
(a) Cyclic voltammograms curves were measured potentiodynamically at a scan rate of 5 mV s ¹1 starting from 1.0 to 2.2 V. (b) EIS test at open-circuit potential conditions and AC potential with the amplitude of 10 mV and normally a frequency range of 100 kHz to 10 mHz.
Results and Discussion
3.1 Physical appearance Scheme 1 shows the design and synthesis of PbO 2 composite anode materials. Among which, A-PbO 2 has the orthorhombic structure of columbite (space group Pbcn, V h 14 ) and B-PbO 2 has the tetra-gonal, rutile structure (space group P4/mnm, D 4h 14 ). 35, 36 Lead (IV) ions in both cases (Scheme 1d) are the center of distorted octahedrons and the main difference of the two phases is the way in which octahedra are packed. As to B-PbO 2 , the neighbouring octahedra can share opposite edges and the formation of octahedra linear chains will be accelerated. While in A-PbO 2 , the neighbouring octahedra share non-opposite edges, in which way zig-zag chains are formed. Moreover, the detailed PbO 2 formation steps can be described by the following scheme:
First, oxygen-containing particles are formed as OH ads . Then, these particles will interact with lead species to form a soluble intermediate product of Pb(OH) 2+ and chemically decompose to form hydrated Pb(IV) species. Finally, different phase structures of A/B-PbO 2 will be separately obtained on the surface of the electrodes according to the different deposition conditions.
In order to explore the phase form transformation law preliminary, methods on the basis of high quality PbO 2 electro-deposition were selected and sixty-four sample electrodes were separately generated in MSA solutions for 1200 s. The effect law of lead (II) methanesulfonate concentration, MSA concentration, current density and temperature on the surface properties of the coatings were preliminary investigated and different phase structures of A/B-PbO 2 were obtained. The results are shown in Table 1 , in which most coatings were highly uniform and adherent while defects occur in the other coatings. Various colors, different visual appearance and diverse consistency are shown as well. Table 1 clearly summarizes the physical appearance, crystal structure and crystallite size of the electrodes for reference purposes in understanding the process of the crystal form transformation law. It could be seen that when separately controlling the current density and electrolyte temperature at low levels, the compositions of the electrodes were almost A-PbO 2 . Increasing the current density and electrolyte temperature would accelerate the growth of crystal cells, as well as B-PbO 2 phases. Even to the point of all composed of B-PbO 2 when the electrolyte temperature was high enough. Meanwhile, the crystallite sizes of electrodes obtained under different current densities seemed to be not as full as those obtained under different electrolyte temperatures. The law indicated that maybe temperature showed more obvious effect on the crystal structure and crystallite size of the electrodes compared to the current density. Whereas the effect of MSA concentrations and lead(II) methanesulfonate concentrations, especially on the crystal structure, were not that obvious. In order to verify this, thorough analysis of the electrodes were carried out by XRD and SEM. The most significant results were discussed then. of the oxygen evolution reaction. The kinetic parameters of Tafel linear fitting and the oxygen evolution overpotential are presented as well. All electrodes are deposited from solutions containing 0.2 M MSA using a current density of 20 mA·cm ¹2 for 3600 s at 295 K (pH = 2). The cathodic dissolution of PbO 2 was discussed in previous research and not mentioned here. It is clear that the potential of oxygen evolution at the same current density decreased with the increasing of lead (II) methanesulfonate concentration. When the lead (II) methanesulfonate concentration reached a higher amount of more than 0.3 M, the potential of oxygen evolution began to raise again. This may due to the excessive lead (II) methanesulfonate can inhibit the precipitation of oxygen and then lift the potential of oxygen evolution again. The Tafel intercept (a), which was closely in connection with the initial oxygen evolution overpotential of the anode at 1 A·m ¹2 , and the Tafel slope (b), which was directly proportionate to the charge transfer resistivity of the anode, 37 also showed the minimum at the lead (II) methanesulfonate (2019) concentration of 0.3 M. Then again, an equally telling indicator was that the exchange current density (i 0 ), which was directly related to the reversibility of electrode reaction, reached the highest when the concentration of lead (II) methanesulfonate was controlled at 0.3 M. The test data above proved that the electrode reaction occurred easily and the electrode reversibility was better at this condition. 38 Moreover, the decrease of Tafel slope (b) indicated that the addition of lead (II) methanesulfonate concentration could increase the oxygen evolution reaction current to a certain extent, thus accelerate the occurrence of oxygen evolution reaction and reduced the oxygen evolution potential. 39, 43, 44 On the whole, we should consider it suitable to keep the lead (II) methanesulfonate concentration at 0.3 M as (a) (b) and (i 0 ) have reached the optimal values. Figure 1b shows the anodic polarization curves of Pb-0.6%Sb/ A(B)-PbO 2 electrodes in a simulation zinc electrowinning solution obtained from the original plating bath of different MSA concentrations and the Tafel lines of the oxygen evolution reaction. The kinetic parameters of Tafel linear fitting and the oxygen evolution overpotential are presented as well. All electrodes are deposited from solutions containing 0.2 M lead (II) methanesulfonate using a current density of 20 mA·cm ¹2 for 3600 s at 295 K (pH, 1-2). The cathodic dissolution of PbO 2 was discussed in previous research and not mentioned here. As can be seen, the potential of oxygen evolution at the same current density decreased with the increasing of MSA concentration and reached the minimum when the MSA concentration was 0.2 M. Continue to increase the concentration of MSA would there be little change or even a raising trend of the potential of oxygen evolution. The Tafel intercept (a) and the Tafel slope (b) were also consistent with the result. The results were similar to the effect of lead (II) methanesulfonate concentration and also indicated that the addition of MSA concentration could increase the oxygen evolution reaction current, thus accelerate the occurrence of oxygen evolution reaction and reduce the oxygen evolution potential. At the same time, the exchange current density (i 0 ) reached the highest when the concentration of MSA was controlled at 0.2 M. As discussed above, (a) (b) and (i 0 ) directly relate to the electrode performance in some extent. We may come to a conclusion that controlling the concentration of MSA at 0.2 M is appropriate compared to the other conditions. 3.2.2 The effect of temperature and current density on PbO 2 composite electrodeposition Figure 2 shows the effect of temperature and current density on PbO 2 composite electrodeposition studied by XRD. The identification of the phase structures, A-PbO 2 and B-PbO 2 , was performed by comparison with the ICDD card, respectively. The results were obtained in the 2H range of 0-90°and effective diffraction peaks were labelled in Fig. 2 . It should be noticed that not all characteristic peaks were present and relative intensities were not in agreement with the ICDD card as superposition of different diffraction peaks may correspond to mixtures of the two polymorphs. All measured electrodes were prepared from solutions containing 0.3 M lead (II) methanesulfonate and 0.2 M MSA for 3600 s (pH = 2). When the temperature was maintained at 20°C, the components of deposition layers were almost A-PbO 2 phases and the electrode was highly uniform shining grey in color. Raising the temperature to 35-50°C would A + B mixtures be obtained. Further increase of the temperature could visibly lead to the growth of B-PbO 2 phases, as clearly observed from the sharp peak appearing at 65°C. Electrode at this condition was still highly uniform but seemed to shiny black in color. According to reaction (1), the growth of B-PbO 2 phases may be probably due to the PbO 2 anodes with high O 2 -overpotential were prepared at high temperature in very oxidizing MSA electrolytes. 40, 41 Such conditions are propitious to the formation of pure B-
Meanwhile, with the increasing of the current density, A and B phases showed similar growth tendency like previous, but not as obvious as the temperature effect. The change trends of both phases' diffraction peaks with the experimental conditions had been reported elsewhere before, the predominance of B-PbO 2 phases at high temperature was also found. 42 The intensity-change of the characteristic diffraction peaks in Fig. 2a and 2b is clear and the transformation in phase distribution is highly consistent with the data in Table 1 . Between which, the temperature shows more obvious effects compared with the current density, as characteristic diffraction peaks showed more obvious difference in the ranges. H. M. Zeyada's discovery also supported that compared to the effect of current density, temperature shows greater impact, A-PbO 2 can transform into B-PbO 2 by controlling temperature conditions. 43 
The precise conditions of obtaining α-or β-PbO 2 phases
In previous experimental studies, we have investigated the effect of lead (II) methanesulfonate concentrations, MSA concentrations, temperature and current density on the electrodeposition of PbO 2 (2019) composites. Combining the analysis of anodic polarization curves and XRD, the concentrations of the solution were confirmed, as well as coming to a conclusion that temperature shows more obvious effect in morphological transition compared to the current density. In order to further investigate the precise conditions of the phase composition, thereby obtain better performance composite inert anodes, massive sample electrodes were obtained by maintaining the concentrations and current density while varying the temperature. The microstructures of the deposits sampled were characterized by SEM-EDX. Figure 3a shows the SEM images of different PbO 2 coatings prepared in 0.2 M MSA and 0.3 M lead (II) methanesulfonate solutions at a constant current density of 20 mA·cm ¹2 while varying the temperature from 20 to 65°C. The surface coverage was uniform. Through SEM images, it is easy to observe the growth and changes of grains directly. As can be seen, the depositions were basically composed of rounded polygonal nanocrystallites containing A or A + B mixture phases when the temperature was controlled below 35°C, which is also observed in the XRD data. A higher temperature of 50°C or more would accelerate the notorious crystallites' growth, which is in good agreement with the results discussed above. The deposit was transformed into irregular or pyramidal angular phases with obvious boundaries, which are proved to be B phases according to the XRD data. Mahalingam also concluded that amorphous crystallites were contained at low temperature and well-defined shapes were typically obtained at higher temperature. 44 In Fig. 3b , the experimental temperature range was separated and narrowed down to 15-35°C and 50-70°C. As can be seen, electrodes obtained in the temperature range of 15-35°C were almost composed of rounded A phases. Among the three SEM images, the electrode obtained at 15°C showed primary flat phases and that obtained at 25°C looked plumper. It seemed that electrode obtained at 35°C was the best as the crystals were bigger while they turned out to be A + B mixture phases according to the X-ray diffraction patterns in Fig. 2 . We therefore concluded that controlling the temperature at 25°C may be more suitable to get relative pure A phases. On the other hand, electrodes obtained in the temperature range of 50-70°C were covered with B phases as observed in both the SEM images and the XRD data. The growth of B phases seemed broad and better when controlling the temperature at 60°C and a higher temperature of more than 60°C seemed to make little difference. It can be summarized that temperature of 60°C may be the appropriate temperature boundary of obtaining relative better pure B-PbO 2 phases. Based on the separate electrodeposition conditions and both catalytic activities of A/BPbO 2 , it is then important to take advantage of the temperature boundary to obtain ideal ratio of A/B-PbO 2 phases, as high-quality electrodes are often composed of different scales of both phase structures that may bring their superiorities into full play.
Anodic behavior and microstructure
After confirming the solution and precise conditions of the phase composition, later stage of the present work was performed by longperiod galvanostatic electrolysis so as to evaluate the effect of different ratios of A(B)-PbO 2 phases on the corrosion resistance and electrocatalytic activity of the electrodes.
Normally, it is important to recognize that neither of the two modifications of lead dioxide is fully stoichiometric and this is the reason for its high conductivity. 45 It maybe more correct to represent its composition by (Pb 4+ ) 1¹x¹y (Pb 2+ ) y O 2¹4x¹2y (OH) 4x+2y , where the cationic vacancies clustered together serving as hosts for Pb 2+ ions. 46 It means that the surface Pb from 4+ oxidation state (PbO 2 ) moderately changed to 2+ oxidation state (PbO) to some extent. Theoretically, the capacitance of A-PbO 2 is greater than BPbO 2 , while the conductivity is just the opposite. 47, 48 The longperiod galvanostatic electrolysis experiment was carried out based on six kinds of electrode samples, processing in different deposition time (A&B: 2 h&1 h, 2 h&2 h (a), 2 h&3 h, 1 h&2 h, 2 h&2 h (b), 3 h&2 h) (content percentage values: 2.79:1, 1.75:1, 1.04:1, 1:2.26, 1.68:1, 7.33:1) and temperature (A 25°C, B 60°C), using anodic polarization curves, electrochemical impedance spectroscopy (EIS) and Tafel polarization curves to investigate the performance. All curves were obtained at the very beginning 8 days of the electrolysis and the effects of long-period galvanostatic electrolysis were observed. It could be found that after 8 days' galvanostatic electrolysis, samples became rough as could be seen from their surface topography. The crystal structure and the crystallite size were analysed by XRD and SEM. After testing those, the samples were sawed from the middle and measured with the micro-hardness tester for their deposition layer thickness and microhardness. All these data were listed in Table 2 . Figure 4a shows the anodic polarization curves of six different kinds of samples in simulation zinc electrowinning solutions for 8 Electrochemistry, 87 (4), 197-203 (2019) days and the Tafel lines of the oxygen evolution reaction. All curves were obtained from solutions containing 50 g/L ZnSO 4 and 150 g/L H 2 SO 4 using a current density of 20 mA·cm ¹2 for 8 days. The kinetic parameters of Tafel linear fitting and the oxygen evolution overpotential are presented in Fig. 4b . The cathodic dissolution of PbO 2 was discussed in previous research and not mentioned here. As can be seen, those samples with more components of B-PbO 2 offered better performance at some correspondingly higher oxygen evolution potential than those of others after 8 days' electrowinning. The result indicated that more components of B-PbO 2 could increase the exchange current density values. Moreover, bigger values of the exchange current density could directly reduce the applied voltage to flow the same current to the cell, which can reduce the power consumption to some extent. [49] [50] [51] The Tafel intercept (a) and the Tafel slope (b), as shown in Fig. 4b , demonstrated the conclusion as they were proved to be the smaller values when controlling the components of B-PbO 2 at higher level. Another equally telling indicator was that the exchange current density (i 0 ) gradually increased with the percentage increase of B-PbO 2 phases to the whole. While all these values changed little or even reversed when keeping the deposition time longer than 2 h. Longer deposition time of of B-PbO 2 made little difference on the characteristics and only caused the energy loss. On the whole, it could be suggested that it is suitable to keep the deposition time of B-PbO 2 at 2 h. Figure 4c shows the electrochemical impedance spectroscopy (EIS), which is a powerful tool for studying materials' anti-corrosion properties, of six different kinds of anodes in simulation zinc electrowinning solutions for 8 days. The tests were realized from solutions containing 50 g/L ZnSO 4 and 150 g/L H 2 SO 4 using a test potential of 1.5 V. The scan frequency range was controlled from 100 kHz to 100 mHz. As shown, the Nyquist plots primarily show semicircles with small radius at high and low frequency. All curves stand for the typical corroding surface in aggressive media, of which the small radius signifies severer local corrosion. 52 Theoretically, the formation of PbO 2 anodic layers in simulation zinc electrowinning solutions is mainly according to the following two processes:
8 Among which, orthorhombic A-PbO 2 can promote longer life cycles than that of B-PbO 2 . The result indicated that electrodes with more components of A-PbO 2 exhibit superior anticorrosion performance than those of others after 8 days' electrowinning, which was ascribed to the better densification of A-PbO 2 . Figure 4e shows the corresponding Tafel polarization curves. All curves were obtained from solutions containing 50 g/L ZnSO 4 and 150 g/L H 2 SO 4 using a scanning rate of 1 mV·s ¹1 at 35°C. It could be seen that the presence of more components of A-PbO 2 obviously accelerated the corrosion current density and resulted in a higher corrosion potential of the electrodes, which reinforced that electrodes under these conditions possessed better features of corrosion resistance. The equivalent circuit is established in Fig. 4d and the parameters are listed in Fig. 4f in order to quantitatively analyze the EIS plots. It could be seen from Fig. 4f that the value Table 2 . Characteristics of six kinds of samples in simulation zinc electrowinning solutions before and after 8 days' galvanostatic electrolysis. The physical appearance was assessed visually, while the surface analysis (Order: crystal structure; crystallite size, nm; deposition layer thickness, µm; section microhardness, Hv) was carried out by XRD, SEM and micro-hardness tester. changes of R 1 (electrolyte resistance) and n were not obvious, which meant that the adsorption type of the reactive ions were similar to the pure capacitance adsorption, as well as the dispersion effect was unconspicuous. 53, 54 In addition, the R 2 (charge transfer resistance) of the oxygen evolution reaction decreased with the percentage decrease of A-PbO 2 phases to the whole, which indicated that the internal spread resistance of electrode materials gradually decreased. The result was in accordance with the decrease of the overpotential for oxygen evolution that analysed above. Nevertheless, longer time of more than 2 h seemed to have little influence on the corrosion resistance of the whole samples. All of these results indicated that electrodes with A-PbO 2 of 2 h' deposition time showed the better satisfactory corrosion resistance while saving energy and reducing costs.
The present results suggest that since the different phase structures of PbO 2 significantly bring out different catalytic activities, the ratio of A/B-PbO 2 phases plays an important role in controlling the final characteristics of the electrodes. The precise conditions of obtaining relative pure A/B-PbO 2 phase compositions and the specific ratio value (deposition time-A&B: 2 h&2 h) are ultimately affirmed. Obviously, further efforts on improving the performance of the electrodes could be beneficial to produce better composite anodes, thus show better prospective application in zinc electrowinning.
Conclusion
Pb-0.6%Sb/A-PbO 2 /B-PbO 2 composite anodes are prepared by electrodeposition method in methanesulfonic acid (MSA) solutions. The variable conditions experiments indicate that in order to obtain relative stable electrodes, it is suitable to keep the concentration of lead (II) methanesulfonate and MSA at 0.3 M and 0.2 M, respectively. Compared to current density, temperature shows more obvious effect on the morphological transition of the deposition layers. Combining the analysis of anodic polarization curves, XRD and SEM, it can be summarized that controlling the temperature at 25°C is more suitable to get relative pure A phases, while raising the temperature to 60°C is more appropriate to obtain relative better pure B-PbO 2 phases. Both of these two conditions are prepared in 0.2 M MSA and 0.3 M lead (II) methanesulfonate solutions at a constant current density of 20 mA·cm ¹2 . Based on this, long-period galvanostatic electrolysis has been performed by means of CV, EIS and Tafel curves in order to evaluate the effect of different ratios of A(B)-PbO 2 phases on the corrosion resistance and electrocatalytic activity of the electrodes. Results show that controlling the deposition time of A-and B-PbO 2 both at 2 h is better for its ultimate performance. The method for the preparation of Pb-0.6%Sb/A-PbO 2 /B-PbO 2 composite anodes by electrodeposition in MSA solutions is more environmentally sustainable, as well as the confirmation of the specific ratio value of A/B-PbO 2 phase compositions has also provided better prospective application in zinc electrowinning.
